The present investigation is carried out to estimate the fi ring temperature and conditions of fi ring of ancient pottery shreds excavated recently from Sembiankandiyur, Tamil Nadu, India. FTIR and XRD studies have been attempted on these shreds to characterize the mineral composition of the pottery artifacts in respect of their different physical attributes. The fi ring temperature and conditions were inferred from the mineral phases of the samples exhibited by the infrared spectra and X-ray diffractograms recorded in as received state. TG-DTA is the complementary technique to elucidate the fi ring temperature from the thermal characteristic reactions such as dehydration, decomposition and transformations of minerals under the controlled fi ring of the samples in inert atmosphere. Keywords: artifacts, fi ring temperature, FTIR, mineral transformation, pottery shred, TG-DTA, XRD.
INTRODUCTION
Potteries are the most abundant fi ndings among the archeological artifacts. Pottery analysis reveals information regarding the daily life and cultural aspects of the society of the ancient period [1] . The mineralogical composition of the pottery strongly related to the source of clay, fi ring temperature, duration of fi ring, kiln condition and technical skill of the potter. So, it is necessary to asses the mineralogical composition to answer the technological issues of pottery fabrication [2] .
The scientifi c investigation using spectroscopic techniques greatly contributes the archaeology providing defi nite and undoubted data about materials and production aspects of potteries. The identifi cation of fi ring minerals is an essential requirement for the elucidation of fi ring temperature of potteries. The knowledge of fi ring temperature and condition of fi ring offer us better understanding of the civilization that created potteries and provide us the information for conservation and restoration of techniques [3] . A thermal transformation in constituent clay mineral is considered irreversible. The change in the mineral composition will be observed only if the shred fi red above its original temperature applied by the potter. This is the key factor for the investigation of ancient potteries [4] . By analyzing the mineral trapped in the sample can elucidate its fi ring temperature. On fi ring the pottery to get a fi nal products, thermal changes occurred in the clay structure and bonding of clay minerals can be evaluated from FTIR spectral characteristics. The usefulness of IR spectroscopy in characterizing archeological pottery lies primarily in its ability to provide a fi ngerprint spectral pattern that can be readily associated with the mineralogical constituents of samples. Every mineral of importance to pottery study has its infrared spectra characterized. The presence and absence of fi ring minerals in the ancient pottery play a vital role in the estimation of fi ring temperature [5] . Besides FTIR study, XRD was also recorded for the samples to cross check the sample mineralogy. The FTIR can yield diagnostic 'fi ngerprint' of minerals, while the XRD provides critical information on the actual minerals present in the samples. X-ray power diffraction is the complementary spectroscopic analytical tool for the mineral characterization of potteries and to know the composition of the crystallographic phases which are yielding information relevant to their provenance [6] [7] [8] . The minerals hematite, calcite, kaolinite, feldspar are unambiguously characterized by diffractograms. To understand the fi ring process adopted and the fi ring temperature achieved, it becomes necessary to investigate thoroughly the characteristic features of thermally induced mineral transformation, such as destruction and transformation of fi ring minerals upon fi ring [9, 10] .
Thermal analysis is an adequate tool for analyzing ancient pottery. It allows one to control the process of fi ring and record variations due to the thermal process simultaneously [11] . DTA curves enable detection of exo and endothermic peaks due to the effects of gain/loss of enthalpy occurring in the sample when undergoing controlled heating. Thermal analysis in conjunction with FTIR and XRD provide information for estimating of the fi ring temperature of the ancient pottery as evidenced from the studies done by the earlier investigations [12] .
Excavation site
The excavation site Sembiankandiyur is located in the Nagappatinum district between northern latitude 11.0851º and eastern longitude 79.8545º, Tamilnadu, India. The archeological excavation was performed under the superintendence of state Archeology Department, Tamilnadu in May 2008 [13] . Numerous pot shreds with varied size and style were recovered in a trench of dimension 4 by 4 meter and depth of 1.6 m from the surface at the site location. The artifacts recovered were treated conventionally for removing the dirt and stain and categorized. Fifteen samples were selected at random with the courtesy of State Archeology Department, Tamilnadu. Out of fi fteen three shreds were taken as representative samples for the present study by designating them arbitrarily as SKM 1, SKM 2 and SKM 3. The geographical location of the excavation site is given in Fig. 1 .
Visual characteristics of samples
The macroscopic view of specimens named as SKM1, SKM2 and SKM3 are shown in Fig. 2 . The shreds are appearing distinctly to each other in respect of color, glaze and thickness. The pot shred SKM1 is thick walled red coarse ware, probably hand made as the fi nger impressions are appearing on its surface. The cross section of the fractured shred SKM1 shows that the margins are red with sandwiching grey core. The sample SKM2 is red glazed ware, polished on both inner and outer surfaces. The samples SKM3 is a polished black colored shred.
EXPERIMENTAL DETAILS

FTIR spectrometry
The infrared spectra were recorded in the mid IR region 4000-400 cm -1 using Perkin Elmer FTIR interferometer in Centralized Instrumentation Sophisticated Laboratory (CISL), Annamali University. The KBr pressed pellet technique was used by mixing the powdered samples with KBr in weight proportion of 1: 20. The precision of the FTIR instrument is ± 4 cm -1 in 4000 to 2000 cm -1 region and ± 2 cm -1 between 2000 and 400 cm -1 .
X-ray diffractometry
As supplementary investigation to support the results revealed in the FTIR analysis, the X-ray diffractograms for the representative shreds were recorded in Pan Analytical Xpert-Pro with PW3050/60 goniometer in the research laboratory of Physics Department, Alagappa University, Karaikudi, Tamilnadu, India, by operating at 30 kV and 20 mA with Cukα radiation. The diffraction patterns for all the samples were obtained by continuous scanning 2θ from 10.027 to 79.9251 (Fig. 3) .
Thermogravimetric analysis
As the thermogravimetric analysis has gained wide analytical acceptance in recent years for compositional analysis, TG-DTA study was carried out for the samples SKM1, SKM2 and SKM3 in SDT Q-600-V.8.3 thermal analyzer in Central Electro Chemical Research Laboratory, Karaikudi, India. The experiment was carried out by heating the samples from 30 to 1200° C at 10° C.min -1 with fl ow of high purity nitrogen.
RESULTS AND DISCUSSION
FTIR analysis
The FTIR spectra of SKM1, SKM2 and SKM3 are shown in Fig. 4 .
Each FTIR spectrum has run on average of 200 scans with the specifi c precision in the region of the spectrum. The peak positions of various bands of varied intensity observed in these spectra along with their tentative assignments are given in Table I . It have stated earlier on the IR analysis of archeological artifacts that the absorption band at 1639 cm -1 is due to the H-O-H bending of water molecule [14] . A medium absorption band appearing at 1632 cm -1 is due to H-O-H bending of water exists in all samples owing to the absorption of moisture present in the sample. The presence of strong intensity peak at 1085 cm -1 in the spectra of SKM2 and SKM3 is the evidence that wollasonite is present in the composition of the shreds, but the absence of corresponding band in the shred SKM1 is reveals that the shred has no wollastonite in its composition [15, 16] . The peak around 1034 cm -1 is the result of the red clay origin of kaolinite [14] . The spectrum of SKM1 has a peak centered at 1040 cm -1 with strong intensity. It indicates the red clay origin of kaolinite present in the clay of the pottery shred SKM1. The absence of corresponding band in SKM2 and SKM3 determines that these shreds are of different origin referring the SKM1. The appearance of absorption at 795 cm -1 and 695 cm -1 indicates the quartz presence in accordance with the results of earlier researchers in the similar studies [14] . The absorption band appearing at 668 cm -1 is due to the presence of anorthite [17] . The shred SKM1 exhibited a weak intensity peak at 668 cm -1 due to clay mineral anorthite and the absence of corresponding peak in SKM2 and SKM3 affi rms that the SKM2 and SKM3 are not having anorthite and have different composition with respect to SKM1. The absorptions around 580 and 540 cm -1 are due to magnetite and hematite respectively [18, 19] . The absorptions observed in SKM1 and SKM2 does not appear in SKM 3. Therefore it is understood that SKM3 has no hematite in its composition. The formations of magnetite and hematite depend on the fi ring atmosphere prevalent at the time of manufacture. The presence of weak intensity peak due to magnetite refers the transformation of Fe 3 O 4 to Fe 2 O 3 during the fi ring process. The hematite peak at 535 cm -1 in the samples SKM1 and SKM2 implies that the potteries were fi red in an oxidizing condition (18, 19) . The absence of hematite band in SKM3 indicates that the fi ring condition achieved may be a reduced atmosphere for the sample SKM3. So it is inferred that the artisans of Sembiankandiyur were well aware of technique of fi ring the potteries in both oxidizing and reducing atmosphere. The absorption band in all the samples around 465 cm -1 is assigned to the presence of clay mineral microcline, referring the studies on fi red clay artifacts [16, 20] .
The fi ring temperature of potteries
The decomposition of kaolinite and formation of meta kaolinite occurs around 500 to 650 °C [21, 22] . The appearance of kaolinite in SKM1 suggests that the fi ring temperature was not high enough to complete the decomposition of this mineral indicating that the fi ring did not exceed 650° C. The IR absorption band at 915 cm -1 is due to Al(OH) vibrations in octahedral sheet structure which begins to disappear at the temperature 500 °C [23] . The shreds in the present study have no band at 915 cm -1 . So it is viable to understand that all the samples were fi red above 500 °C. The presence of kaolinite and the absence of Al (OH) vibrations in the spectrum of pottery SKM1 show that its fi ring temperature lies between 500 and 650 °C. See Table II .
Thermal analysis
The TG and DTA curves are shown in Figs. 5.1 to 5.3 respectively for the shreds individually. The DTA curve for each sample shows both exothermic and endothermic peak at different temperatures due to distinct nature and composition. The endothermic peak around 100 to 200 °C is due to the hygroscopic water [12, 28] . For SKM2 an endothermic peak due to hygroscopic water molecules was observed between 30 and 250 °C, whereas for SKM1 and SKM3 an exothermic peak was observed between 30 and 100 °C, indicating the absence of hygroscopic water. The exothermic peak between 200 and 500 °C is due to the combustion of organic material present in the sample. A broad exothermic peak appeared between 205 and 500 °C in SKM2 is due to the combustion of organic material and this peak was not present in SKM1 and SKM3. So the shred SKM2 has some organic material associated with the clay of the shred [12] . The organic material might be added intestinally as a binder in the preparation of pottery or the raw material itself has contained organic material [28] . The endothermic peak appearing between at 450 to 650 °C is due to the dehydroxylation of kaolinite [28, 29] .
In SKM1 the presence of kaolinite is well evidenced by endotherm between 453 and 650° C. It indicates that the kaolanite mineral has survived in the fi ring process applied by the ancient potter. The presence of dehydroxylation kaolinite peak is the indication that the pottery is not fi red above 650 °C [12] . Therefore, the shred SKM1 would have been fi red between 450 and 650 °C. But the absence of the corresponding endothermic peak, both in SKM2 and SKM3 between 450 and 650 °C, infers that shreds were fi red at temperature above 650 °C. Thus the thermographical result is in agreement with the spectral data obtained in the earlier parts of the study using FTIR and XRD techniques. A broad endotherm around 1000 to 1500 °C is present in all the samples. The endothermic peak around 1150 °C is due to the presence of crystalline phase, which undergo polymeric transformation around this temperature [30] . The absence of exothermic peak between 900 and 1000 °C on the fi red clay products stands for evidence that products were not fi red above the higher limit of the temperature [12] . As no samples of the study has exothermic peak between 900 and 1000 °C gave a clue that all the samples were fi red below 900 °C. The absence of dehydroxylation peak due to kaolinite and exothermic peak around 650 °C in SKM2 and SKM3 indicate that these two samples would have been fi red between 650 and 900 °C as revealed in FTIR study.
In the thermogravimetry analysis the weight loss observed on the pottery samples can be explained in three steps [11] : the dehydration (room temperature to 100 °C), decomposition of hydroxyls (400-500 °C), and decomposition of carbonates, mainly calcite (700-800 °C).
Data on the thermal decomposition of three samples are summarized in Table III . The mass loss on temperature intervals is not uniform in the samples of the study in mineral composition of pottery shreds. For all the shreds mass loss in dehydration is larger then the loss in dehydroxylation. The weight loss due to dehydration of water 5.63%, 1.83% and 8.69% for the shreds SKM1, SKM2 and SKM3, respectively. But the weight loss due decomposition of hydroxyls is not showing any variations relatively. No sample showed weight loss due to decomposition of calcite [11] . The calcite decomposes in between the temperature 700-800 °C. The absence of thermogravimetric evidence of calcite between 700 and 800 °C is supporting the results of the XRD and FTIR analysis done in the present study. The shred SKM1 showed gradual weight loss from 50 to 495 °C, the weight loss in this region is 8.53% and it is due to loss of moisture water and loss of water from iron hydroxyls, which has been identifi ed through the endothermic peak in DTA appeared between 150 and 350 ºC [28] . The total weight loss in SKM1 up to 1200 °C is 13.58%. The higher weight loss observed in SKM2 is between 50 and 650 °C. This weight loss may be due to dehydration and be accompanied combustion of organic materials. The weight loss due to organic material is 3.80%. The total weight loss through the entire thermal analysis is 11.65%. In shred SKM3 the total weight loss is 18.05%, the maximum weight loss is occurred in the region of temperature 50-500 °C of about 15.96%. 
CONCLUSIONS
Spectroscopic techniques FTIR and XRD together with thermal analysis TG-DTA on the ancient pottery artifacts of the present investigation address their characteristic evidence in establishing the technological issues related to the mineralogical compositions, fi ring temperature and fi ring atmosphere respectively. The results obtained are complimentary in nature. From FTIR and TG-DTA analysis, it is inferred that the sample SKM1 was fi red between 650 and 750 °C and the shreds SKM2 and SKM3 were fi red between 850 and 950 °C. 
